Introduction
The surface color of food is one of the important characteristics of baked, grilled, and broiled products and may be a critical index for consumer acceptance (Onishi et al., 2011) . The process of grilling comprises four steps: (1) protein denaturation, (2) water evaporation, (3) a browning reaction, and (4) a carbonization reaction (Nakamura et al., 2011) , and there is a change in the surface color of food associated with almost each step. Browning, a Maillard-type reaction, occurs at low levels of available water; therefore, it is common in dry cooking methods, such as grilling, in which the surface layer is dehydrated. Sustained heating of dry surfaces eventually results in carbonization, i.e., thermal conversion of organic materials to carbon (Lewis, 1982) , and is usually accompanied by the generation of smoke. During heating, the surface of food first turns brown, following which the surface blackens as it burns (Rosenthal, 2003) . One of the most obvious disadvantages associated with the carbonization of food is the loss in the nutritive value of the proteins in the food; moreover, the increase in cooking temperature and time negatively affects the food's appearance (Broyart et al., 1998; Hosseinpour et al., 2013) .
The cooking temperature and time play a particularly important role during the grilling process, because at the end of the process, the surface temperature is mostly over 150℃ (Llave et al., 2014b; Matsuda et al., 2013; Wang et al., 2011) . Excessive heating promotes a series of chemical reactions in protein-rich foods such as fish; thus, the entire grilling process should be controlled by selecting the optimal final grilling temperature based on the color and appearance of the grilled surface. Therefore, to increase both food quality and safety, it is important to analyze color formation during the last step of the grilling process (carbonization) in detail by experimental and mathematical modeling approaches.
A computer vision system (CVS) has been reported to be suitable for acquiring and analyzing the image of a real scene by computers for obtaining the information or controlling the processes (Brosnan and Sun, 2004) . Moreover, it has been documented more advantageous over the traditional techniques (Brosnan and Sun, 2004; Yam and Papadakis, 2004) , since a CVS is non-invasive, fast, inexpensive, and utilizes a precise technique for measuring and modeling the color of foodstuffs during processing (Hosseinpour et al., 2013) .
In this study, the effect of surface temperature on color changes during the grilling of fish (beginning of the carbonization step) by using a kinetic model and the use of a CVS as an effective process control in the food industry were evaluated. The browning and darkening were visualized at different time intervals by using a two-dimensional (2D) model for browning, which we developed in our previous study (Llave et al., 2014b) .
Theoretical models
The browning and carbonization were visualized using a previously developed 2D model (Llave et al., 2014b) . The color formation was modeled according to the intensity of the color change and did not directly involve chemical compounds. Thus, the color at the center of the fish surface during grilling was accurately estimated by the combination of the protein denaturation model (Yu et al., 2014) , browning kinetic model (Matsuda et al., 2013) , and carbonization kinetic model developed in this study.
Assuming that an original substance P (reactant P) is transformed into a charred substance C and smoke substance G of amount "a" on heating (Eq. 1) and that the production rate of C is proportional to the remaining concentration of P, the reaction rate can be expressed by Eq. 2.
Here, G is assumed to be generated in a certain percentage of C.
Here, C P , C C , and C G are the concentrations of P, C, and G, respectively, and k is the rate constant. Assuming that there is no G initially and that all of P changes into C, the initial and final concentrations are expressed as follows:
Initial conditions:
Final conditions:
where subscripts i and f represent the initial and final values, respectively, and C 0 is the total concentration of P plus C and G.
When C C increases from C Ci to C Cf , the sample darkens, i.e., L* decreases from L* i to L* f . Assuming that the decrease in L* is proportional to the concentration of C, the dimensionless parameter Y can be expressed as follows:
When Eq. (5) is substituted into Eqs. (2) and (3), the following equation is obtained:
We assumed that the temperature dependence of the rate constant follows the Arrhenius equation as follows:
where Z is the pre-exponential factor, E a is the activation energy during the carbonization, and R is the gas constant. The preexponential factor and activation energy were evaluated using Eq.
(8), which is obtained when Eq. (7) is substituted into Eq. (6):
Thus, when the pre-exponential factor and activation energy are given and the experimental time-temperature information is used, Y can be calculated by the numerical integration of Eq. (8).
Materials and Methods
Materials Red sea bream (Pagrus major) was used as the sample in this study. This fish species was chosen because it is commonly used for grilling. Red sea bream was purchased from a local fish market on the day of the experiment, and in all the cases, the fish samples were under rigor mortis. The skin and bones were removed, and the ordinary muscle of the fillets was cut into 3 × 4 × 1.5 cm 3 samples for all the experiments. The samples were wrapped in a film and refrigerated at 5℃ for no more than 30 min before use.
Experimental conditions
The dimensions of the far-infrared radiation (FIR) heater (100 V/750 W; electric ceramic plate heater PLC-328, Noritake Co., Aichi, Japan) was 12 × 12 cm 2 . The infrared energy radiated downward from the heater. The samples were positioned ~8 cm below the heat source on an electronic balance. The FIR heater was warmed up for 30 min before starting the experiment and adjusted to 400℃. Two experiments were conducted. In the first one, the surface temperature was controlled without using any device. In the second one, after the surface temperature was raised to 160, 180, and 200℃, the temperature was regulated manually by moving the FIR heater with respect to the sample. In this last case, the temperature at the sample point during the different steps was verified to be 160.2 ± 1.2℃, 180.6 ± 0.9℃, and 200.0 ± 1.5℃ during the grilling. The radiation energy was measured along with the temperature during the different steps using a radiation sensor (RF30 Captec, Villeneuve Denki Co., Tokyo, Japan), and software (Thermodac-E/Ef 2.6, Eto
Denki Co.) were used to collect the temperature data. The accuracy of the surface temperature profiles collected using the K-type thermocouple was verified by comparing them with those collected using IR sensors (Matsuda et al., 2013) .
Color measurements
Conventional colorimeter The color changes in the fish surface were measured using the CIE L*a*b* system at the same position as the surface temperature measurements, using a spectrophotometric color difference meter (CDM, NF333, Nippon Denshoku Industries Co., Ltd., Tokyo, Japan). The L*a*b* values were measured using a D65 light source with a viewing field angle of 2°. The grilled fish was sampled at 0, 2, 4, 6, 8, 10, 12.5, 15, 17.5, 20, 25 , and 30 min. The results are expressed as the mean value of five replications obtained from the center of the surface in each of the five experiments.
Computer vision system A CVS was employed to acquire the entire surface color at each 30 s interval during the grilling.
(1) Lighting system: The samples were illuminated using a parallel lamp (with one fluorescent tube, FL20S.D-EDL-D65, natural daylight, 21 W, Toshiba Lighting and Technology, Japan)
with a color temperature of 6500 K (D65, a standard light source commonly used in food research) and a color-rendering index (Ra) close to 95%. The lamp (60 cm long) was situated 20 cm above the sample and at an angle of 45° to the sample (Fig. 1 ).
(2) Digital camera and image acquisition: A color digital camera (CDC, D5100, Nikon, Japan) was located transversely over the background at a distance of 38 cm in length and 22 cm in height. The angle between the camera lens and axis of the lighting source was 15°. As the standard capture conditions, the following camera settings were tested: a manual mode with the lens aperture, f, of 4.5, 5.0, and 6.0; a shutter speed of 1/125, 1/100, 1/80, and 1/40; a zoom of 32 mm; no flash; an intermediate resolution of the CDC (2464 × 1632) pixels; and the storage were in the JPEG format. The white balance of the camera was set using the same white reference as the CDM.
(3) Image processing: The pre-processing of full images, segmentation from the background, and color analysis were conducted using Adobe Image Ready CS and Adobe Photoshop CS (version 8.0.1). The background was removed from the preprocessed gray-scale image, and the pixel quantity of each territory was determined using the PopImaging software (3.7 Digital being kids Co. Ltd., Yokohama, Japan) to estimate the area of the territory. This segmented image is a binary image, where "0" (black) and "1" (white) indicate the background and object, respectively. Therefore, from this binary image, the localization of the pixels into the interest region allowed us to extract the true color image of the sample from the original image.
(4) Calibration of the CVS: The color images were characterized using 16 color sheets with different hues (from white to black), corresponding to the possible warm-toned color shown by the grilled fish meat. The colors were photographed and analyzed using the CVS to obtain the R'G'B' values. Similarly, the L*a*b* values of each color sheet were measured using the CDM at three equidistant points. The comparison of the color results between the CVS and CDM measurements using the same white reference allowed the characterization of the obtained images and confirmation of the suitability of the standard sRGB for the calibration of this particular image acquisition system. The IEC 61966-2-1 (1999) equations that define the transformation from floating point nonlinear R'G'B' values to CIE XYZ in two steps were used in the same manner as reported by Mendoza et al. (2006) and Larraín et al. (2008) . In the R'G'B' encoding process, the power function with a gamma factor of 2.4 includes a slight black-level offset to allow for the invertibility in integer math, which closely fits a straightforward gamma 2.2 curve. Therefore, consistency was maintained using the gamma 2.2 legacy images and the video industry (Mendoza et al., 2006) . Also, the sRGB tristimulus values <0.0 or >1.0 were rounded to 0.0 and 1.0, respectively. 
······Eq. 12
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······Eq. 14 where f (q) = { Microscopic inspection of the surface structure After grilling for 30 min, the cross-sections (CSs) of the surface samples were collected and hardened at room temperature (~25℃). Then, the CSs were embedded and coated on an epoxy resin to provide a protective cover for cutting. The CSs were then mounted on glass slides without polish. The unpolished surfaces of the slabs were kept free of dust prior to the examination under a digital microscope (VHX-1000, Keyence, Japan). A × 100 lens was used and the 2D images were recorded at several positions.
Construction of the 2D model The FEMAP software (10.2, NeiSoftware, CA, USA) was employed to construct the model by selecting the appropriate shape, size, and mesh of the sample (Llave et al., 2014b) . Although the three-dimensional (3D) images are shown below, the browning and darkening were evaluated at the upper surface only. Therefore, the analyses of both the processes were simulated in 2D only (X and Y axes). A sample of a 4 × 3 × 1.5 cm 3 slab shape was used as the model for all the experiments. The X, Y, and Z coordinates were divided using a mesh spacing of 5 mm, resulting in an 8 × 6 × 3 mesh. The R'G'B'
color data were fed into the model, thus positioning the values at the meshes.
Statistical evaluation The composition data were analyzed by one-way analysis of variance (ANOVA) combined with Tukey's pairwise comparison test using the Systat statistical software (3.5;
Systat Software Inc., IL, USA).
Results and Discussion
Surface color changes of the fish samples Fig. 2 shows the 2D pre-processed images, obtained by the image segmentation technique described above, of the fish surface after 10, 14, 18, 22, 26, and 30 min of FIR heating. The non-uniform color gradually changed from a plain brown to a dark black color. The non-uniform black color may be attributed to the low fat content and heterogeneous temperature distribution of red sea bream during grilling (Llave et al., 2014a) . After 8 min of grilling, black spots were observed on the upper surface of the sample as a result of the carbonization because of the highest temperature existing at these positions. The black spots were formed because of dehydration and the effect of the shrinkage phenomenon during grilling. As shown in Fig. 4 , a good approximation of the measured data was obtained using the calculated values in all the cases. Thus, and 4B. The E a and Z were found to be extremely smaller than those values of the preliminary steps of grilling (Matsuda et al., 2013; Yu et al., 2014) , probably because the kinetic parameters were obtained from the base of the occurrence of browning.
Analysis of the surface structure of grilled fish at the initial stage of carbonization
Therefore, after the browning is completed, carbonization can occur with very little activation energy. Similar small kinetic parameters were reported by Hosseinpour et al. (2013) for the carbonization step during the drying of shrimp.
As shown in Fig. 5 , to estimate the changes in color, the samples were grilled for 30 min, and the results were combined with those reported previously by Yu et al. (2014) . (2011) for the case of bread, coffee roasted malt, cocoa, and biscuits. Although the reduction in the colors at the carbonization step was not as pronounced as the previous steps, the variable surface temperature process as shown in Fig. 5 confirmed the relevance of surface temperature on the darkening (Fig. 2) .
Moreover, since carbonization is a subsequent event of browning, and they are continuous during grill processing, it is difficult to strictly divide them into two different parts. Thus, the starting point of this reaction was decided based on the observed abrupt change of the slope of the color profile, especially for the L* value profile.
In addition, as shown in thus, many locations must be measured to obtain a representative color profile. Furthermore, the global analysis of the food's surface becomes more difficult. Therefore, a CVS, a potentially fast, noninvasive, and inexpensive method, is a promising tool to solve 
Effect of surface temperature on carbonization using the CVS
Using the same camera settings defined at the calibration step of the CVS, the effect of temperatures, 160, 180, and 200℃, on the color changes of the sample surfaces was analyzed using the CVS (Fig. 7) . Unlike the results shown in Fig. 5 ; in Fig however, at a low surface temperature (160℃), a very small difference of 3.5 ± 1.1℃ (mean ± standard deviation) was observed between the CVS and CDM measurements. Iyota et al. (2013) using sliced bread, reported that from the color measurements aspects, the acceptable color difference will be less than 5, because 5 in the L*a*b* system is equivalent to 0.5 in the Munsell color system, which is a commonly used system for the visual evaluation of color. These results justified the use of a CVS for determining the surface color changes during grilling. 
Estimation of surface color distribution using the CVS

Conclusions
Browning of food occurs at low levels of available water; therefore, it is common during the process of grilling in which the surface layer is dehydrated. Sustained heating of dry surfaces leads to carbonization and is usually accompanied by the generation of smoke. In such circumstances, the food surface first turns browns, following which it blackens as it burns. This study analyzed the effect of surface temperature on the color changes during the last step of grilling. Carbonization was estimated using a kinetic model and CVS. A 2D visualization model successfully simulated the darkening. The results confirm that the darkening was reduced by grilling at a low surface temperature. The use of this practical and economical technique and the 2D visualization model may help support process control in the food industry.
